Abstract-In this paper, we introduce a fuzzy set theoretic approach for dealing with uncertainty in images in the context of spatial and topological relations existing among the objects in the image. We propose an object-oriented graph theoretic model for representing an image and this model allows us to assess the similarity between images using the concept of (fuzzy) graph matching. Sufficient flexibility has been provided in the similarity algorithm so that different features of an image may be independently focused upon.
INTRODUCTION
WITH the advancement of multimedia applications, image databases have emerged as a major field of research [7] , [9] , [10] , [11] . Unlike the size of a record in a conventional database, the size of an image is usually very large. This has necessitated the development of efficient storage techniques for image databases. Moreover, the queries in an image database often require retrieval based on the similarity with given images or based on certain attributes of the objects present in the images. Thus, it is necessary to support queries based on image semantics rather than based on mere pixelto-pixel matching. The image database systems should therefore allow adequate abstraction mechanisms for capturing higher level semantics of the images in order to support content addressability as far as possible.
Over the last decade, there has been considerable interest in representing spatial and topological relations among objects present in a scene. Chang and Jungert [6] have proposed 2D Strings and Interval Projection Strings to represent spatial relationships among objects in a scene. Similarly, Gudivada [1] has suggested a geometric approach, called ÂR Strings, for capturing spatial relationships. These representation schemes using 2D or ÂR Strings, however, are not efficient for capturing topological relations like meet, overlap, cover, contain, etc. Considerable work has been done in this particular direction by Egenhofer and Herring [2] with GIS design and developments.
In real-life images, it is often not possible to precisely identify the boundaries of objects in a scene. Thus, object identification by image processing techniques is difficult and identification of binary relations, like left-of, contain, or overlap, inexact. In the image processing literature, statistical or fuzzy set theoretic approaches have been advocated to deal with noise or uncertainty in images. Several algorithms have been developed to filter out noise and identify boundaries of objects in such unfavorable environments [14] . In this paper, we will be using a fuzzy set theoretic approach to represent objects and their spatial and topological relationships. This will enable us to deal with the semantics of real-life images having objects with noncrisp boundaries. Moreover, object relationships, such as left-of or covered-by, with fuzzy qualifiers, like more-or-less, almost, etc., can also be handled.
SPATIAL AND TOPOLOGICAL RELATIONS
Spatial relations like left, right, above, and below define the spatial orientations of the domain objects with respect to each other and help in ascribing meaning to a scene. On the other hand, topological relations deal with the nature of overlap between objects and are invariant under rotations of the scene. Egenhofer and Herring [2] have defined interior ðA o Þ and boundary ðAÞ of a region (n-cell) A. The topological relations between two regions (objects) A and B are defined in terms of the intersections (or nonintersections) of the interior and boundary of the regions under consideration. This model is called the 4-intersection model [2] and can be concisely represented by a 2 Â 2 matrix:
Egenhofer and Herring used this approach to represent eight basic topological relations among the regions without holes, namely, disjoint, cover, meet, inside, contains, coveredby, overlap, and equal. Some pairs such as cover and coveredby are duals of each other (the same is true for inside and contains). Further, disjoint, meet, overlap, and equal are symmetric. The four empty/nonempty intersections describe a set of relations that provides complete coverage. These relations are mutually exclusive so that the union (OR) of all specifications is true and the intersection (AND) of any two specified relations is identically false.
A FUZZY OBJECT DATA MODEL FOR IMAGES
We have already mentioned that, with imprecise or noisy data, it is often not possible to say definitely whether a pixel belongs to an object. Rather, an object may be looked upon as a fuzzy subset of the set of pixels. Accordingly, let O be the set of objects present in a two-dimensional scene. An object A 2 O is treated as a fuzzy subset of pixels of the scene with membership function A . Thus, for a pixel located at a point z in the scene, the possibility of this pixel belonging to the object A is A ðzÞ. In the following, we use the notations z X and z Y to denote the X and Y coordinates of a pixel z. Let z þ denote the set of 8-neighbors of a pixel at point z. Then, the boundary (A) of A may also be defined as a fuzzy subset with membership function In the proposed framework, the spatial and topological relations among the objects will also be imprecise and will be treated as fuzzy subsets.
Fuzzy Spatial Relations
The spatial relations left À of, right À of, above, or below between a given pixel and an object would be imprecise and will be treated as fuzzy subsets. The corresponding relations between any two given pixels are, however, precise, i.e., a pixel a is either to the left or right or has the same X-coordinate as another pixel b. Thus, we define
The spatial relations above and below between two pixels can be similarly defined by considering the Y coordinates of the pixels.
We now define the possibility of a pixel z being to the left-of an object A by the fuzzy predicate "no pixel of A is to the left-of the pixel z."
Similarly,
Based on these definitions, it may be seen that the possibility of A being left-of a pixel z has the same value as that of z being rightof A. This follows from the observation that 
The fuzzy spatial relations above or below between two objects can be similarly defined by extending the same relations between two pixels.
Lemma 3.1. The left-of (right-of) relation between two objects is transitive.
leftÀof ðA; CÞ ! max B fminð leftÀof ðA; BÞ; leftÀof ðB; CÞÞg: ð8Þ
The proof could not be included due to space constraints. The transitivity claim can also be made for the fuzzy relation above (below) between two objects. Note that, to enforce symmetry for the left-of and right-of relations between objects, we may modify the definitions as follows: 
Fuzzy Topological Relations
We are now in a position to define fuzzy extensions of the topological relations discussed in Section 2.
. 
. covered-by: This is the dual of covers. It may be noted that, with precisely defined objects, i.e., with binary membership functions, the fuzzy topological relations reduce to their classical counterparts discussed in Section 2.
GRAPH MODEL FOR AN IMAGE AND SIMILARITY
So far, we have considered spatial and topological relations between a pair of objects in isolation. In an image, many objects may be present. For a proper description of the image, it is therefore necessary to consider the spatial and topological relations among all these objects. With this in view, we treat an image as a labeled graph with a vertex corresponding to each object. An edge between two nodes, say A and B, is labeled by the spatial and topological relations that hold between the objects corresponding to A and B. Graphical representation of objects in an image has been proposed by Petrakis and Faloutsos [8] . The proposed graphical model of an image allows fuzzy spatial and topological relations between objects to be represented. An image (a twodimensional scene) consists of a collection of objects which correspond to the nodes of the image graph. The edges capture interobject relationships through the following information:
1. Spatial Information: The spatial relations that hold between the object pair associated with the edge. It stores the fuzzy membership values for these relations. 2. Topological Information: The topological relations and their associated membership values that hold between the objects. 3. Euclidean distance between the centroids of the two objects (edge length). We would like to emphasize that the proposed model allows us to represent more than one spatial and topological relation between objects. Thus, one may have a scene in which a car is left-of and below a house. Again, from a medical picture it may not be clear whether a tumor is inside the pancreas or is covered by it. In this case, both the topological relations inside and covered-by between the objects tumor and pancreas will have nonzero membership values.
Similarity Measure
With the logical representation of images thus defined, we are now in a position to examine the problem of associative retrieval of images from image databases. In order to support such retrieval, it is necessary to define a suitable similarity measure between the query image and the target image stored in the database. In the image database literature, several such similarity measures have been proposed for associative retrieval of images [3] , [4] , [5] , [1] . However, adequate importance has not been given to the spatial and topological relations while defining such similarity measures. Based on the graph model of an image proposed above, we define the fuzzy similarity measure (SIM) between two images, I 1 (query image) and I 2 (an image stored in the database), as follows: We use S and T as the sets of spatial and topological relations, respectively, between two objects, GðO I ; E I Þ is the graph of an image I, where O I is the set of nodes (objects) and E I is the set of edges. An edge e 2 E I between two objects A; B 2 O I is associated with the membership values of the spatial S e S and topological relations T e T that hold between A and B and the Euclidean distance D e between their centroids.
To find the similarity between two images I 1 and I 2 with associated sets of graphs GðO 1 ; E 1 Þ and GðO 2 ; E 2 Þ, the similarity between them, we first need to a find suitable association among the objects in the two images. Such an association can be expressed in terms of a graph homomorphism: : GðO 1 ; E 1 ÞÀ!GðO 2 ; E 2 Þ. maps a node (object) A 2 O 1 to a node ðAÞ 2 O 2 and, thereby, an edge e 1 2 E 1 to an edge ðe 1 Þ 2 E 2 . Once a mapping is selected, we can estimate the similarity between I 1 and ðI 1 Þ. Such a similarity estimate is assumed to consist of four components:
.
Object Similarity. Determines the extent of similarity between the objects A and ðAÞ, 8A 2 O 1 . Accordingly, we write,
where obj ðA; BÞ is a fuzzy similarity between two objects A and B. Such a similarity measure can be defined based on the similarity in color and other attributes of the objects under consideration, like the distance computation between color histograms, as used in [12] , [13] . 
where þ þ þ ¼ 1. Finally, the similarity between any two pair of images I 1 and I 2 is defined to be the best mapping,
The problem of associative retrieval of images has thus been reduced to finding a best possible mapping between the graph of the query image and that of the target images in the database using the fuzzy membership functions for the relations. Though the problem of graph isomorphism is in NP, yet, in the present case, it is simplified by the fact that the vertices are labeled by the names of the objects. Further, if we consider cases where multiple instances of the same object are not allowed in an image, the graph isomorphism problem essentially becomes a Âðn 2 Þ problem because then there exists just one possible mapping.
Implementation
The associative retrieval is based on the image similarity measure discussed in Section 4 and is computed using (20). The module that estimates the similarity measure between two image graphs is integrated with the overall query processing package. Each image in the database is associated with a graph representation which is identified by a unique graph_id. While estimating the image similarity, the graph models of the associated images are fetched first. The graph_ids of the images, which have similarity with the query image (above a given threshold value), are used to fetch the target images in order of their similarity. Since a graph representation requires much less storage space than the original image, usually a single disk access will be sufficient to fetch the graph of an image.
Indices are built to support faster retrieval of image graphs. The indices are based on attribute values (e.g., color histogram) of the objects (nodes) present in the image, as well as spatial and topological relations that hold among the objects. Since the same spatial/topological relations may hold between multiple nodes, the index based on such relations will only identify the graph_ids of the images where such a relation holds among some pair of objects in the image. It may be noted that the triangle inequality does not necessarily hold for the similarity measure between image graphs since the topological relations are not transitive. The system is being used for associative retrieval from a medical image database which contains X-Ray, ultra-sonogram, and images of blood slides and skin patches. A medical database system developed using the proposed scheme is being used in a telemedicine project for supporting online teleconsultation among doctors at remote health centers and referral hospitals. Detailed performance evaluation of the proposed scheme is under progress.
